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1 INTRODUCTION
1 Introduction
’African Bamboo PLC’ is a company founded in Addis Ababa, the main capital of Ethiopia.
Its vision is to become the first, and leading, bamboo-based floorboard producer in Africa
with export markets in Europe and America. The company aims to use Ethiopian high-
land bamboo (Yushania alpina [K. Schumann] Lin) to produce woven strand boards for
outdoor decking. Bamboo material not treated in any way is readily decayed by insects
and fungi due to its chemical contents of components like starch and sugars. As a con-
sequence, certification standards and customer requirements for outdoor uses cannot be
fulfilled. These disadvantages associated with bamboo material could be solved with the
help of thermal modification. In connection with this topic, the following specific questions
arose:
• Which bamboo species are native to Ethiopia and where does Yushania alpina occur?
• How is thermal modification integrated in woven strand board production?
• How are the properties of Yushania alpina affected by thermal modification?
• What temperatures, durations and other conditions combine to achieve the best
results with respect to woven strand board production?
• How does thermal modification influence mechanical properties and chemical com-
ponents?
• What recommendations can be made for production at an industrial scale?
Research on this topic is necessary to better understand thermal modification of bamboo
and to obtain more reliable information concerning process parameters. All questions were
addressed as part of the study presented in this thesis.
1
2 LITERATURE REVIEW
2 Literature review
Bamboos are perennial grasses forming woody culms. These culms are usually hollow.
They grow from rhizomes and occur naturally in all continents except Europe (Liese,
1985). With 1,250 species across 75 genera, bamboos cover about 14 million hectares
worldwide (Kigomo, 1988). The number of genera and species being recorded is increas-
ing (Ohrnberger, 1990). A wealth of information in terms of general bamboo biology,
silviculture, bamboo properties and ranges of application has been published by Liese
(1985) and Hildago-López (2003).
2.1 The bamboos of Ethiopia
The bamboo diversity of the main part of the African continent has the lowest diversity in
woody bamboos at all, if North America and South America are regarded as one continent.
Consisting of only a few genera and around 12 species at the main content of Africa, a
higher number are native to Madagascar, where 25 species are distributed (Liese, 1985).
In contradiction to the listed number of species, more recent records have shown that only
five species of woody bamboo occur in continental Africa and 33 species in Madagascar.
The differences in the number of bamboo species from both literature sources could be
explained with the number of reed species, which might be seen as part of the bamboo
flora.
The woody bamboo species of Africa are Hickelia africana, Yushania alpina, Oreobam-
bos buchwaldii, Oxytenanthera abyssinica and Thamnocalamus tessellatus (Bystriakova
et al., 2004). The low number of bamboo species possibly relates to ancient climatic varia-
tions during the formation of the continents. Tanzania has the largest number of bamboos,
with four species, followed by Uganda, Zambia and Malavi, with three species each, and
other countries such Ethiopia with two species. On the basis of their potential natural
distribution, Oxytenanthera abyssinica is the most widespread, followed by Oreobambos
buchwaldii and Yushania alpina (Bystriakova et al., 2004).
The two indigenous bamboo species occurring in Ethiopia are the monopodial highland
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bamboo (Yushania alpina [K. Schumann] Lin), previously referred to as Arundinaria
alpina [K. Schumann] Engler, and the sympodial lowland bamboo (Oxytenanthera
abyssinica [A. Richard] Munro) (Liese, 2002). According to Ohrnberger (1990),
the Ethiopian highland bamboo, also commonly referred to as African alpine bamboo, is
distributed in dense thickets and forests on slopes of many mountains in eastern Africa
at elevations from 2,400 - 3,000 (3,630) m altitude with irregular occurrences in mixed
forest down to 1,800 m (Fig. 1). The Ethiopian lowland bamboo is distributed throughout
tropical Africa at elevations from 15 to 2,000 m (Fig. 1). It is commonly found in savannas,
sites along watercourses, hills and ravines, and grows in moist and warm areas (Ohrn-
berger, 1990). The older culms of the lowland bamboo are solid (Fig. 2), the younger
culms semi-solid (Kigomo, 1988).
Figure 1: Potential distribution of Oxytenanthera abyssinica (left) and Yushania alpina
(right) in Africa after Bystriakova et al. (2004) (green: native within forest
cover, gray: existing forest cover with no records)
No specific and precise data about the area of bamboo in Ethiopia are available. Ethiopia
is alleged to possess 67 % of Africa’s and 7 % of the world’s bamboo resources (Embaye,
2000). A total of 130,000 ha of highland bamboo and about 700,000 ha of lowland bamboo
are estimated, although only 481,000 ha of bamboo were actually mapped in 1997 (FAO
and INBAR, 2005). Kelbessa et al. (2000) reported 147,073 ha of highland bamboo
and 959,662 ha of lowland bamboo. Subsequent inventories in 2004 indicated 1,101,201 ha
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Figure 2: Highland bamboo Yushania alpina (left) and lowland bamboo Oxytenanthera
abyssinica (right) in transversal section
bamboo forest, including lowland and highland bamboo, which corresponds to 1.0 % of the
country’s total area (Hassan and Mungatana, 2012). The most recent figure of about
one million hectare bamboo forest is based only on expert estimates (FAO, 2010). As
many years have passed since the last survey, it is safe to assume that this area is no longer
up to date. As a versatile renewable resource, the demand for bamboo in Ethiopia is high.
This demand is heightened by the increasing population and the rate of deforestation of
the developing nation (Embaye, 2000) and (Embaye, 2001).
2.2 Thermal modification
2.2.1 Thermal modification of wood
Thermal modification was already an area of investigation at the mid-20th century (Hill,
2006). In the 1960s, Kollmann and Schneider (1963) described the sorption behaviour
of heat stabilised beech wood (Fagus sylvatica), pine (Pinus sylvestris) and oak (Quercus
robur), for example.
General wood modification can be divided into chemical modification, thermal modi-
fication, surface modification and impregnation (Hill, 2006). The thermal modification
of wood is by far the most widely applied of the various modification procedures em-
ployed commercially (Hill, 2006). According to Esteves and Pereira (2008), the main
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commercial enterprises involved in the thermal modification of wood in Europe are Ther-
mowood (Finland), Plato Wood (Holland), OHT (Oil Heat Treatment) (Germany), Bois
Perdure or Rectification (France), WTT (Denmark) and Huber Holz (Austria).
Thermal modification is mainly performed at temperatures of between 180 ◦C and
260 ◦C. Temperatures lower than 140 ◦C result only in slight changes to the material
properties. Modern procedures are limited to 260 ◦C, as the severe degradation to the
wood occurring at high temperatures is unacceptable. Studies of modifications to wood
occurring above 300 ◦C are rare (Hill, 2006).
It is important to note that the results of thermal treatments are highly dependent
upon the process applied, and that the modifications to wood properties vary between
specific process variables. Hill (2006) listed some variables of major importance. These
include the wood species, temperature, time, and atmosphere of treatment, as well as
factors relating to the modification system. These systems may be open or closed, and wet
or dry. Chemicals may also be used as catalysts.
Thermal treatment induces chemical changes to the macromolecular ultrastructure with
both positive +© and negative –© side effects. Biological and physical properties are altered,
with the following improvements and deteriorations to take into account (Hill, 2006):
improvements. . . deteriorations. . .
• dimensional stability +©
• resistance to microbiological attack +©
• darkening of the material +©
• hygroscopicity +©
• wettability +©
• impact toughness → fractures –©
• modulus of rupture –©
• abrasion resistance –©
• chemical composition +© –©
Many tree species, for example, beech and ash (Windeisen et al., 2009), as well as
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pine, oak, chestnut and Douglas fir (Popper et al., 2005), have been investigated with
respect to the effects of thermal modification. In the next subsection, existing studies of
the thermal modification of bamboo are reviewed.
2.2.2 Temperatures and durations concerning thermal modification of bamboo
Several studies of the thermal modification of bamboos employing different species, diverse
treatment atmospheres and varying temperatures have been published (Table 1; p. 7). The
holding time of the final treatment temperature varied from between ten minutes to up
to five hours. Short treatments of ten minutes to two hours were carried out in hot oil,
enabling fast heat transfer. Modifications using inert nitrogen lasted from one to five hours
at the final temperature. Due to the heating up and cooling down step, the full process may
last from ten hours up to a whole day. Detailed information regarding thermal modification
using steam was not available. Energy consumptions or prices for commercial application
were not listed, neither for the hot-oil treatment nor for the use of inert gas. Temperatures
were applied between 100 ◦C and 300 ◦C (Table 1; p. 7).
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Table 1: Investigations of the thermal modification of bamboo
species authors
Dendrocalamus asper d© e© f©
Dendrocalamus barbatus e© f©
Dendrocalamus giganteus c©
Gigantochloa scortechinii b©
Phyllostachys pubescens a© g©
Phyllostachys viridiglaucescens a©
modification atmosphere
no specific atmosphere fresh air g©
oxygen-reduced atmosphere nitrogen (inert gas) c© e© f©
steam -
hot oil a© b© d©
total duration holding time temperatures [◦C]
n/a 1 h, 2 h, 3 h, 4 h 100, 120, 140, 160 g©
180, 200, 220
10 h, 15 h, 20 h, 23 h 1 h 140, 180, 220, 260 c©
> 24 h 300
10 h, 13 h, 15 h, 18 h 2 h, 5 h 130, 180 e© f©
22 h 5 h 220
n/a 0.5 h, 1 h, 2 h 180, 200, 220 a©
10 min, 20 min 200, 210, 220
30 min, 40 min 200, 210, 220
n/a 0.5 h, 1 h, 1.5 h 140, 180 b©
n/a 0.5 h, 1 h, 2 h 140, 160, 180, 200 d©
a© Leithoff and Peek (2001); b© Sulaiman et al. (2006); c© Colla et al. (2011);
d© Manalo and Garcia (2012); e© Nguyen et al. (2012); f© Bremer et al. (2013);
g© Zhang et al. (2013)
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2.3 Strand woven bamboo versus woven strand board
The focus of the study was on the development of woven strand boards. There was,
however, very little information about ’woven strand boards’ in the literature. A search for
its synonym, ’strand woven bamboo’, revealed information in media and advertisements.
Most of this information derived from bamboo product traders and strand woven bamboo
manufacturers, which were mainly situated in Asia.
Strand woven bamboo is seen as a new industrial bamboo material (van der Lugt,
2008). van der Lugt et al. (2009) described the process of strand woven bamboo pro-
duction (Fig. 3). The dense, hard material of compressed bamboo strips combined with
glue is intended for outdoor and indoor use (Fig. 4).
The first phase involves making strips from the bamboo culms, planing them rough and
splitting them into two halves. Several intermediate steps follow. Strand woven bamboo
harvest
and
transport
strip
making
rough
planing
splitting
strips
in half
carbonizing drying
crushing
strips
glue
application
cold press
– strips
to beam
activating
glue in
oven
sawing
beams
sawing
planks
sanding
Figure 3: Production process of strand woven bamboo modelled after van der Lugt et al.
(2009)
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Figure 4: Strand woven bamboo panel
is thermally modified, the process referred to as ’carbonising’. The process takes place in
a wet system, with the strips dried after they have been modified. The crushed strips are
pressed with the help of a cold-press, after the glue has been applied. To activate the glue,
the mass is then put into an oven.
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3 Woven strand board
The process for the development of woven strand board products using Ethiopian bamboo
targeted improvements relative to existing processes and a shortening of the durations of
the intermediate steps (Fig. 5). The fresh bamboo culms were transported to the prototype
facility and cut into 2.40 m sections using a chopsaw (Fig. 6). The sections were sorted
into four classes, according to their wall thickness. The sorted sections were split into three
or more splits using a machine called a ’splitter’ (Fig. 6). The nodes were partly removed
during this step. The use of a splitter with three knives proved to be the most effective
variant. After splitting, the splits were sent to the ’crusher’ (Fig. 6).
The crusher pressed the round splits into flat strands using rollers. Two upper and lower
shapers removed the outer and inner wax layer of the bamboo splits, which would otherwise
bamboo characteristics:
age, diameter, wall
thickness, moisture content
mechanical processes:
splitter: amount of knives,
crusher: roller distances
thermal modification:
course of temperature,
time, steam, ventilation
glue characteristics:
formaldehyde ↑, moisture
content, application
hot press parameters:
pressure, holding time,
coures of temperature
board requirements:
surface characteristics,
board width, profile
harvest
and
transport
cutting
to length
sorting splitting crushing
thermal
treatment
(dry)
glue
application
glue
formation
conditioning
pressing
cutting
to size
sanding,
profiling,
coating
woven strand board – product development – stepsresearch topics
Figure 5: Woven strand board product development
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chopsaw splitter
crusher thermal modification chamber
modified strands modified strands in transversal section
Figure 6: Machinery for WSB prototype production and thermally modified strands
interfere with glue application. The bamboo splits were then pushed onto further rollers,
after which they no longer resemble splits but have been crushed. The settings of the
crusher, especially the roller distances and shapers, related to the bamboo wall thickness.
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All in all, three steps in the production of strand woven bamboo were combined within
only one crushing step.
The crushed strands were cut into 60 cm sections. These should maintain the initial
length of 2.40 m, but for prototype production they were shortened to fit into the thermal
modification chamber (Fig. 6). Before the start of thermal treatment, the crushed strands
were dried to a moisture content of 10 % and below. This preliminary stage proved unnec-
essary, as the same results were achieved using non-dried material. The glue was applied to
the thermally modified, crushed strands and conditioned. The glued strands were pressed
to a final panel in a hot-press. The application of dry thermal modification and hot-pressing
resulted in further improvements.
The reason for the preparation of solid test pieces (chapter 4.2) rather than processed,
crushed strands was based on the properties of these strands (Fig. 6). They were brittle,
not uniform, and not ideal, with some exceptions, for precise investigations. The solid test
pieces fulfilled the demands of the following analyses and suited the thermal modification
research best.
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4 Materials
Prior to a detailed description of the methods employed in the study in chapter 5, here
the processing of the materials used is first described. It includes a description of the
site the bamboo came from and of the preparation of test pieces. The process of thermal
modification, carried out at the African Bamboo facility, is outlined in this section also.
4.1 Sites
The Arbegona and Tetechia sites (Table 2; p. 13) played the leading role in providing
material for the thermal modification research into Ethiopian highland bamboo (Yushania
alpina [K. Schumann] Lin). Arbegona (6◦41′35.4′′ N 38◦43′14.5′′ E, at approx. 2,600 m
a.s.l.) and Tetechia (6◦33′23.5′′ N 38◦32′20.7′′ E, at approx. 2,650 m a.s.l.) are situated in
the Sidama region of southern Ethiopia. The two sites were chosen in spite of their relatively
close proximity. One reason for this was the planned construction of the industrial plant for
WSB bamboo production in Arbegona. The bamboo diameters at the Tetechia site were
smaller than those at the Arbegona site. For this reason investigations were necessary.
The sites Ambo (near the Ethiopian capital Addis Ababa) and Assosa (western Ethiopia,
near the border to Sudan) were included for additional assessment. The precise location of
Table 2: Sites and topics
species sites thermal modification research
highland bamboo Arbegona mass loss, sorption behaviour
(Yushania alpina) (Sidama) resistance to indentation, chemical composition
Ambo mass loss
Tetechia moisture content, density, mass loss
(Sidama) impact resistance, chemical composition
lowland bamboo Assosa mass loss, sorption behaviour
(Oxytenanthera abyssinica)
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the Ambo village is 8◦58′54.5′′ N 37◦51′14.6′′ E, at approximately 2,100 metres above sea
level. Assosa is located 10◦3′43.5′′ N 34◦32′54.2′′ E, at approximately 1,500 metres above
sea level. Thanks to the cooperation with the local universities, bamboo culms of both
species were provided, but only in low quantities. The bamboo sourced from Assosa was
lowland bamboo (Oxytenanthera abyssinica [A. Richard] Munro) rather than highland
bamboo (Yushania alpina), the naturally occurring bamboo species at this site.
Figure 7: Aerial view of the Tetechia village (a screenshot of the website google maps
(2014))
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4.2 Preparation of test pieces
With a length of about 4 cm, the pieces were taken from the internodes of each bamboo
culm (Fig. 8). Nodes were not used in order to avoid errors caused by differences in their
anatomical structure. Their volumes were difficult to determine due to their shape and
morphology. The sampling system depended on the internode lengths, which were noted.
Longer internodes provided more samples than shorter ones. Samples for investigations of
geometry, density and moisture content were cut in the middle of each internode. They
were not modified and played an import role in comparing the untreated with the treated
state. Samples for the thermal modification were taken from the bottom, middle and top
of the bamboo culms. As the anatomical structure within a single internode was supposed
to be uniform, their individual densities and dimensions were not measured. The existing
reference test pieces were used for this purpose.
Drawing on existing results for the thermal modification of bamboos, the thermal mod-
ification process employed in this study was limited to the heat range 160 ◦C to 220 ◦C.
The chosen holding times were three and five hours, with an effort made to keep the total
duration of treatment with heating up and cooling down as short as possible. Generally,
eight modifications were implemented, starting with 160 ◦C and three hours up to 220 ◦C
and five hours holding time. The sampling order was always the same (Fig. 8). Only the
position in relation to the internodes differed. This meant that samples could be allocated
to four, two or one internode. Samples were cut next to each other to ensure equal starting
points.
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Figure 8: Illustration of the sampling system, depicted for one example bamboo culm
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4.3 Process of modification
The process of modification (Fig. 9) took place in a ’FWD T900’ thermal treatment cham-
ber built by the Anhui Forwood drying equipment company in China. Its capacity was
1 m3 (see: technical drawings a© e©, pp. 20-21).
A fan (2,200 Watt) inside the kiln guaranteed correct ventilation. The heating rods
(15,000 Watt) generated the heat required to heat up the bamboo material. They held the
temperature constant or raised it, as defined in the modification programme. The water
boiler (9,000 Watt) inside the chamber produced steam to act as an inert blanket and
ensured an oxygen-free atmosphere to limit oxidative processes at all times. The steam
holding
time
T in ◦C
treatment
atmo-
sphere
closed
or open
systems
use of
catalysts
wet
or dry
system
sample
dimen-
sion
bamboo
species
3 hours
5 hours
160 ◦C
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(water
vapour)
open
system
with
closed
vents
no
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and solid
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Figure 9: Thermal modification characteristics
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medium also improved the heat transfer. As this process was hygrothermal, the applied
treatment was referred to as dry modification. The chamber belonged to the open systems,
even the vents were closed during the modification process, but water steam could leak
through the closed vents and a pressure-release channel.
The programme of modification was set at the beginning. Dry bulb and wet bulb
temperature, holding time, cooling options and the fire-fight temperature were some of the
parameters taken into account when setting up each individual programme step. The dry
and wet temperatures were measured using two sensors, one of them a so-called wet sock
hanging in a constantly filled water basin. These were checked throughout the process.
The modification process was mainly controlled with the help of the dry temperature,
whereas set and actual temperatures were part of the control circuit and both balanced at
the same level. The wet temperature, which in theory could not exceed 100 ◦C, provided
information about the hygrothermal processes inside the kiln.
The modification trials at 160 ◦C, 180 ◦C, 200 ◦C and 220 ◦C were characterised by
different phases. The total duration of treatment exceeded the actual treatment time of
three or five hours due to phase one and three (Fig. 10):
• Phase 1: heating up
The chamber heated up to its final temperature in this step. There were intermediate
stages at 100 ◦C, 140 ◦C and 180 ◦C, each lasting 15 minutes, to simulate a slower
heating process representative of an industrial setting.
• Phase 2: holding period
The final temperature, equal to the highest temperature, was maintained for between
three to five hours.
• Phase 3: cooling down
An automatic spraying system operated inside the kiln during the cooling down phase.
The vent was opened manually at a temperature of 110 ◦C or below to avail of the
drying effect. The process was stopped when the temperature in the kiln reached
80 ◦C.
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Figure 10: Temperatures inside the kiln over time (left : three hours holding time, right :
five hours holding time)
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5 Methods
The methods section is divided into three topics. The starting point is the material de-
scription of the native, untreated bamboo. The following topics are the physical and the
chemical tests of the unmodified and thermally modified samples. Their preparation was
detailed in the materials chapter (p. 13).
5.1 Characteristics of highland bamboo (site: Tetechia)
Three bamboo culms each of the ages two, three, four and five years were provided from one
bamboo stand adjacent to the Tetechia village (Fig. 11). The local experts and landowners
identified the bamboo age. The outer colour, the shapes of the nodes and any incidences of
fungi, algae or lichens on the culm epidermis were recorded. The determination of the age
of the bamboo culms proved difficult for those culms aged three, four and five years. There
were no specific rules to follow and lots of experience was needed, because bamboo has
no secondary growth indicators. Young bamboo of one, two and in some cases even three
years could be determined quite easily. One year old Yushania alpina is dull in colour and
retains its bracts. Two year old culms no longer have bracts but their colour has changed
to a greenish colour, which turns yellowish at age three (Kelemwork et al., 2008).
The culms chosen in the stand were cut to the required transportation length, sealed
with hot wax and brought to the product development facility. The harvest took place at
the beginning of July, the time when the long rainy season usually begins. Paraffin rubbed
on the cut surface held the moisture inside the sections. The test pieces were prepared
using a circular saw. As was previously stated, samples with a length of 4 cm were taken
from the middle of each internode along the culms, from bottom to top.
5.1.1 Diameter, wall thickness and volume
A vernier calliper was used to measure the diameters and thickness of the bamboo walls.
The bamboo sample had an ellipse-like shape so that two diameters were measured at a
90◦ angle, transverse to fibre direction. The mean wall thickness was calculated from four
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Figure 11: Bamboo stand site Tetechia (left); test samples of Yushania alpina (right) pre-
pared from three bamboo culms each of the ages two, three, four and five years
(n=219)
measurements of the width of the bamboo wall (Eq. 1). The thickness of every quarter was
determined, so that two measurements of wall thickness were always in opposite position.
Only one height measurement per sample was necessary. Using a circular saw with a
movable table ensured a precise parallel cut in the direction of the forward feed. The
diameter and wall thickness could be related to the bamboo age and the segment position
relative to the culm height.
This scheme was applied for the wet initial samples and the oven-dried samples. The
wet samples were measured first, then oven-dried (see: 5.1.2, p. 24) and measured again.
Precise dimensions were obtained for the same sample under different conditions.
The density of the bamboo samples was derived from their volumes. The volume was
computed with the help of the following formulas: initial volume (Eq. 2) and oven-dried
volume (Eq. 3):
wo =
wo1 + wo2 + wo3 + wo4
4
wi =
wi1 + wi2 + wi3 + wi4
4
unit : [1 cm] (1)
V1 =
1
4
π · hi[di1 · di2 − (di1 − 2wi)(di2 − 2wi)] unit : [1 cm3] (2)
Vo =
1
4
π · ho[do1 · do2 − (do1 − 2wo)(do2 − 2wo)] unit : [1 cm3] (3)
The mathematical function used was based on the formula to determine the area enclosed
by an ellipse. As the bamboo samples were hollow and had no pith, the area of the samples
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was calculated as the difference between the outer and inner ellipse area. The outer area
included both diameters, whereas the inner part consisted of the difference between the
diameter and its mean wall thickness.
5.1.2 Moisture content
The determination of the moisture content was according to the method described by
Niemz (1993). This is a direct method to ascertain moisture content and is well-known for
its precise results. First the mass of the wet sample was weighed using a digital weighing
scales (precision: 0.01 g [at ’African Bamboo’]; 0.0001 g [at TU Dresden]). The sample
was then dried in a laboratory oven set to 103 ◦C ± 2 K to a constant mass. The sample
was then removed from the oven placed into a desiccator shortly thereafter.
The desiccator, filled with a moisture absorbing material (in this case: anhydrous Cop-
per (II) sulphate [at ’African Bamboo’]; silica gel [at TU Dresden]), permitted the hygro-
scopic bamboo samples to cool down to room temperature without regaining moisture.
The dried and acclimatised samples were weighed again. The moisture content itself was
calculated according to the following formula (Eq. 4).
u =
m1 −mo
mo
· 100 unit : [1 %] (4)
5.1.3 Density
The density of the material was the quotient of its mass and volume. To characterise the
bamboo density, three different densities were calculated. These were the oven-dry density
(Eq. 5), gross density (Eq. 6) and basic density (Eq. 7) (Niemz, 1993).
The gross density typified in this case the sample as the raw material obtained from
the bamboo stands, at its initial moisture level. It included, relative to the mass and
volume, the wood material and its water in the pores and cells . The oven-dried density
described the mass and the volume in the oven-dried state (see: 5.1.2, p. 24). The basic
density was the ratio of the oven-dried mass and the maximum possible volume. The
volume maximised with moisture contents at the fibre saturation point and above. The
24
5 METHODS
equation of basic density was based on measurements of the samples in fresh, wet and
later, oven-dried conditions and is an ’imaginary’ density for that reason.
%o =
mo
Vo
unit : [1
g
cm3
] (5)
%1 =
m1
V1
unit : [1
g
cm3
] (6)
R =
mo
V1
unit : [1
g
cm3
] (7)
5.2 Thermal modification: physical tests
5.2.1 Mass loss
Adhering to Nguyen et al. (2012), the mass loss due to modification was calculated
according to the next equation (Eq. 8). The test pieces were simply weighed before and
after thermal modification.
ML =
mo −mt
mo
· 100 unit : [1 %] (8)
5.2.2 Sorption behaviour
The tests of sorption behaviour were performed in a climatic chamber (’Feutron KPK
2000’) with specific constant climates. The test pieces were first oven-dried, then weighed
and put into the chamber. They regained moisture and their weights increased. The
weights of the samples were measured daily. The sample weights became constant after
a time, indicating that the equilibrium moisture content had been reached and could be
calculated. Four climates were tested, with an increasing moisture regime. The purpose of
this was to avoid hysteresis effects.
• 20 ◦C and 65 % rh,
• 20 ◦C and 85 % rh,
• 15 ◦C and 87 % rh,
• 12 ◦C and 89 % rh.
25
5 METHODS
The equilibrium moisture content was calculated as follows (Eq. 9) (Nguyen et al., 2012):
EMC =
mf −mo
mo
· 100 unit : [1 %] (9)
The equilibrium moisture contents of the untreated and the modified samples were com-
pared to determine the reduction in moisture regain. Subsequently, the relationship be-
tween the EMCs of the modified samples and the untreated samples was described (Eq. 10b).
EMCreduction =
EMCuntreated(xi)− EMCmodified(xi)
EMCuntreated(xi)
· 100 (10a)
= 1− EMCmodified(xi)
EMCuntreated(xi)
· 100 unit : [1 %] (10b)
5.2.3 Impact resistance
The impact resistance was determined according to Feinmechanik Ralf Kögel (nd), DIN
51230 (1977) and DIN 53435 (1983). The samples were stored at 20 ◦C and 65 % relative
humidity. Test specimens of the following dimensions were prepared: 15 ± 1.0 mm in
length, 10 ± 0.5 mm in width and 1.5 ± 0.1 mm in thickness (Fig. 12). Four specimens
were made from each bamboo piece; two each from the outer and inner part.
The samples’ width and thickness were measured precisely before the Dynstat appli-
cation. All samples were put into the Dynstat machine and broken up by the pendulum
hammer. The Dynstat impact resistance was plotted during the process. The total im-
pact resistance Ic (Eq. 12) was the Dynstat impact resistance in relation to the width and
thickness of the test specimens.
1 kp = 9.81 N = 9.81
J
m
= 0.0981
J
cm
| · 1 cm (11a)
1 kp · cm = 0.0981 J | : 1 mm2 (11b)
1
kp · cm
mm2
= 0.0981
J
mm2
= 9.81
J
cm2
(11c)
Ic =
9.81 · Idyn [kp · cm]
bs [mm] · ts [mm]
unit : [1
J
cm2
] (12)
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Figure 12: Sample preparation for the impact resistance assessment (top: sample from the
outer part, bottom: sample from the inner part)
5.2.4 Resistance to indentation
The resistance to indentation (Eq. 13) was determined according to DIN EN 1534 (2011).
The samples were cut from the rounded bamboo pieces, which were acclimatised at 20 ◦C
and 65 % relative humidity. The outer and inner surfaces of the samples were flattened
to accommodate the compression load without fracturing the previously rounded bamboo
surface. The left and right sides were clamped using wood pieces. A steel ball with a
diameter of 10± 0.01 mm was pushed into the outer surface of the sample. The compression
load oriented in radial direction of the bamboo sample achieved 1,000 Newton. It was
reached after 15 ± 3 seconds using the ‘TIRA test 28100’ universal testing machine.
This load was maintained for 25 ± 5 seconds. The sample was then released and laid
aside for at least three minutes before the indentation was determined. The dimensions
of the indentation were measured along and across the fibre direction using a graduated
magnifying glass. A total of 104 samples were tested with around ten to twelve samples
for each modification.
HB =
2F
π ·X(X −
√
X2 − x2)
unit : [1
N
mm2
] (13)
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Figure 13: Sample preparation for the test of resistance to indentation (left : samples from
the bamboo segment, right : steel ball on the test specimen)
5.3 Thermal modification: chemical analyses
The chemical analyses targeted the determination of bamboo composition and the char-
acterisation of the untreated and modified samples. The composition of 19 samples were
analysed in account to the manual by HPLC (2013). Repetitions of each analysis under
the same conditions were carried out to observe deviations. Altogether 148 analyses were
implemented. Extractives, lignin, holocellulose, cellulose and hemicellulose contents were
examined (Eq. 14-18). Finally, the ash content was also determined (Fig. 14).
bamboo
low-molecular-weight substances
organic matter
extractives
. . . . . . . . . . . .
inorganic matter
ash
macromolecular substances
holocellulose
cellulose hemicellulose
. . . . . . . . . . . .
lignin
Figure 14: General chemical composition of bamboo (Fengel and Wegener, 1989)
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The extractives covered a wide range of organic, low-molecular-weight substances (Fen-
gel and Wegener, 1989). After the extraction, the extractive-free bamboo was used to
determine the lignin, cellulose and holocellulose contents. According to Farmer (1967),
the presence of extractives could interfere with these chemical analyses and lead to erro-
neous results.
The lignin content in the extractive-free bamboo was determined by the complete hy-
drolysis of all polysaccharides to soluble sugars by means of acid (Farmer, 1967). The
residual lignin was separated and weighed. Lignins were mainly aromatic, highly complex,
three-dimensional, polymers built of p-coumaryl alcohol, coniferyl alcohol and sinapyl al-
cohol made up of a carbon-oxygen-carbon and carbon-carbon linkage (Rowell, 2013).
The lignin, treated with 72 % sulphuric acid, could be divided into very low amounts of
acid-soluble lignin and the acid-insoluble lignin referred as Klason lignin (Koshijima and
Watanabe, 2003).
The holocellulose content, the polysaccharides in woody material, was determined by the
complete extraction of the lignin without removal of the carbohydrate material (Farmer,
1967). With sodium chlorite under mild acid conditions, the holocellulose was obtained
by the selective oxidative degradation of the lignin structure (Ek et al., 2009). Linked
together by β-(1→4)-glucosidic bonds, the cellulose was a polymer of D-glucopyranose units
(Rowell, 2013). The hemicellulose consisted of polysaccharide polymers with a lower
degree of polymerisation than cellulose (hemicellulose: 100-200 sugar units on average,
cellulose: 10000 glucose units on average) (Rowell, 2013).
Samples were taken from the Arbegona and Tetechia sites. Only four year old culms of
the Ethiopian highland bamboo (Yushania alpina) were used. The samples were prepared
from only one internode in the case of Arbegona site. The sample length was sufficient
to cut nine adjacent pieces from each. Eight pieces underwent different modifications and
one untreated sample was maintained as a reference. Samples from Tetechia were prepared
from two adjacent internodes due to their shorter length. Therefore, two untreated samples
served as an unmodified reference for the eight modified samples. The solid samples were
reduced to small particles in two steps using a cutting mill (’Retsch SM 100’). They were
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cut to a size of 4 mm first and finally to 0.5 mm. For comparison of the results, all mass
measurements, especially for the further equations, were related to the oven-dried
weight. It was determined with an electronic moisture analyser (’Kern MLS’).
Extractive content
About 5 g milled bamboo were put into an extraction thimble. A solution of 200 ml 1:1
ethanol-toluene mixture was prepared and filled in a round-bottom flask. The filled ex-
traction thimble and round-bottom flask were both fitted with a Soxhlet extractor. The
ethanol-toluene solution inside the flask was heated using a heating mantle. Once heated,
the extraction lasted for six hours. The solvents were removed by vacuum rotation evapo-
ration (40 ◦C and 170 - 70 mbar) and then oven-dried.
EC =
massround bottom flask full −massround bottom flask empty
masssample taken
· 100 unit : [1 %] (14)
Lignin content
Around 0.5 g milled, extracted bamboo was put into 20 ml of 72 % sulphuric acid, according
to the Klason method. The mixture, which was regularly stirred, was maintained for two
hours. It was diluted with 560 ml distilled water and boiled for a further four hours under
reflux. Finally, the insoluble lignin was filtered in a fritted glass filter of fine porosity (G4)
and washed with 500 ml hot distilled water. The filter with the lignin was oven-dried.
LC =
massfilter full −massfilter empty
massextracted sample taken
· (100− EC) unit : [1 %] (15)
Cellulose content
Adhering to the Kürschner and Hoffer method, a dispersion of 1 g milled, extracted bamboo
and 25 ml 1:4 nitric acid (65 %)-ethanol solution was boiled three times, for one hour each.
The mixture was renewed with fresh nitric acid-ethanol solutions after each period. The
residues were washed with ethanol and hot distilled water after the first three steps and
boiled again, this time with 100 ml distilled water under reflux for half an hour. The
remaining cellulose was filtered with a fritted glass filter of medium porosity (G3) and
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oven-dried using the same procedure applied for lignin.
CC =
massfilter full −massfilter empty
massextracted sample taken
· (100− EC) unit : [1 %] (16)
Holo- and hemicellulose content
A dispersion of 0.3 g milled, extracted bamboo, 45 ml distilled water, 60 µl glacial acetic
acid and 0.3 g sodium chlorite was prepared. This dispersion was shaken five times at 75 ◦C
for one hour each. After the first, second, third and fourth hour, 60 µl glacial acetic acid
and 0.3 g sodium chlorite were added. After the final shaking, the dispersion was cooled.
The remaining holocellulose was filtered using a fritted glass filter of medium porosity (G3)
and washed with hot distilled water. The holocellulose within the filter was oven-dried as
was the case for the cellulose and lignin. The hemicellulose content was the difference
between the holocellulose and the cellulose content.
HOC =
massfilter full −massfilter empty
massextracted sample taken
· (100− EC) unit : [1 %] (17)
HEC =HOC − CC unit : [1 %] (18)
Ash content
The determination of the ash content (Eq. 19) was carried out using a muffle furnace, in
accordance with DIN EN 14775 (2012). Around 2 g milled, oven-dried bamboo was put
into the furnace. It was heated up to 250 ◦C within half an hour and maintained at this
temperature for one hour. The volatile matter was supposed to leak from the furnace before
actual combustion of the input material. Over the next half an hour the temperature was
raised to 550 ◦C and held at this level for at least two hours. The inorganic material, the
ash, inside the ashing crucible was then taken out of the furnace, cooled in a desiccator
and weighed.
AC =
masscrucible full −masscrucible empty
masssample taken for the ash content determination
· (100) unit : [1 %] (19)
Further calculations
The relation between mass loss and chemical composition was taken into consideration to
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compare quantitative changes of components influenced by the thermal modification.
ECcorrected =
100−ML
100
· EC unit : [1 %] (20a)
LCcorrected =
100−ML
100
· LC unit : [1 %] (20b)
CCcorrected =
100−ML
100
· CC unit : [1 %] (20c)
HECcorrected =
100−ML
100
·HEC unit : [1 %] (20d)
The contents of modified and untreated samples could be compared than.
ECrelative =
ECcorrected(modified)− EC(untreated)
EC(untreated)
· 100 unit : [1 %] (21a)
LCrelative =
LCcorrected(modified)− LC(untreated)
LC(untreated)
· 100 unit : [1 %] (21b)
CCrelative =
CCcorrected(modified)− CC(untreated)
CC(untreated)
· 100 unit : [1 %] (21c)
HECrelative =
HECcorrected(modified)−HEC(untreated)
HEC(untreated)
· 100 unit : [1 %] (21d)
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6 Results
In this chapter the laboratory-based results of the study of thermal modification are pre-
sented. The topics follow the same ascending as the methods section (p. 22).
6.1 Characteristics of highland bamboo (site: Tetechia)
The results obtained for the twelve culms are presented either for each internode (Fig.
15-17) or else for the culm section (see: Appendix) from which the samples were taken.
The bamboo culms achieved different heights, but wall thicknesses of 0.5 cm and below
were not suitable for the woven strand board prototypes. The height up to the bamboo
could be used for the demanded purpose spanned not more than 8 m above the cut. Data
shown in the figures and tables were limited to this height as a consequence.
6.1.1 Diameter and wall thickness
The wall thickness increased with increasing diameter. Both parameters were associated
with their height on the culm (Fig. 15) and (Table 3; p. 78). The diameters reached their
peak at about 6 cm. The maximum diameters were recorded at the bottoms, where the
culms were cut. At a height of about 8 m, the diameter was approx. half of the diameter
of the culm bottom. The diameter decreased almost uniformly, by between 0.5 and 1.0 cm
per metre. The range of diameters was similar or nearly equal for all age classes (Fig. 15).
The determination of the age of bamboo culms on the basis of diameter was not possible
for this reason.
The range of wallthicknesses was nearly equal for all age classes, as was already described
for the outer diameters. The maximum wall thickness was less than 1.8 cm (Fig. 15). The
wall thickness was greatest at the bottom of the culm, as was observed for the diameter
values. The decrease in wall thickness along the length of the culm was uneven. The
range amounted to more than 5 mm in the first metre, whereas it was less than 1 mm
at a culm height of 7 m. The utilisable length was defined, as previously stated, by a
minimum thickness of around 0.5 mm. This minimum thickness was sometimes reached at
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Figure 15: Diameter and wall thickness at its initial moisture level of the highland bamboo
(Yushania alpina) along the internodes
a culm height of 5 to 6 m. If a section length of between 2.3 to 2.4 m is required for WSB
production, this means one bamboo culm will be divided into two or a maximum of three
pieces.
The Arbegona site provided bamboo culms with diameters of up to 8 cm, as was proven
in preliminary investigations. Their sizes differed from those of the Tetechia site. Wall
thicknesses of both sites varied in the same range. Diameter and wall thickness may differ
from site to site in general.
6.1.2 Moisture content
Bamboo culms with an age of two years had the highest moisture content and those of
three years the lowest (Fig. 16) and (Table 4; p. 79). The contents for four and five year
old bamboo culms were similar. In the case of the four year old culms the values were a
little higher in the top parts. An age-specific trend could not be identified, however.
The moisture contents were highest at the bottom parts, with an average of about 100 %
and more. Peak values were reached at around 150-160 %. The moisture content shrank
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Figure 16: Moisture contents of the highland bamboo (Yushania alpina) along the intern-
odes
from bottom to top, by less than a half for two year old culms and more than a half for
older culms. The moisture content of the top parts of the culms was about 80 % for culms
at the age of two and around 50 % for older culms. The range in the moisture content
values did not decrease uniformly. The spans were much wider for the bottom sections
than for the top.
6.1.3 Density
The gross density revealed the highest values, followed by the oven-dried and basic densities
(Table 5; p. 80). The amount ranged between 1.11 and 1.26 g
cm3
. A specific change or trend
could not be found. The densities were the same for every age class and each part of the
culm.
The findings for the oven-dried density did not follow the same pattern as the gross
density. An average increase of around 0.15 to 0.20 g
cm3
could be demonstrated from the
bottom of the culms to the top. The densities were between 0.58 and 0.88 g
cm3
(Fig. 17).
Two year old culms had the lowest and three year old the highest densities. The densities
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Figure 17: Oven-dry and basic densities of the highland bamboo (Yushania alpina)
of four and five year old culms were similar.
The results of the oven-dried density and the basic density stood in correlation concern-
ing increase of density from bottom to top. The same pattern of change relative to the
age and part of the culm was observed. The average basic density remained at the lower
level, between 0.52 and 0.79 g
cm3
, due to the already mentioned equation. The increase
to the basic density with the culm height was more linear than that of the oven-dried
density (Fig. 17). The density of the oven-dried state fluctuated more. However, the trend
towards increasing density was evident. Some test samples broke and deformed during
the drying phase in the laboratory oven so that the measurement of their volumes was no
longer possible. The values for the oven-dried density of a few samples are not depicted in
the graphs for this reason.
6.2 Thermal modification: physical tests
6.2.1 Mass loss
As was explained, the loss of mass was the relative change in the mass of the samples
before and after the thermal modification. The modification temperature and holding
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time influenced the mass loss (Fig. 18) and (Table 6; p. 81). At the same temperature
level, the mass loss increased slightly with increasing holding time. Differences in the
temperature induced a greater loss of mass than an extension of the holding time.
The bamboo age did not influence the mass loss behaviour (Table 6; p. 81). The analysis
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Figure 18: Nonlinear regression analyses of mass loss
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of 220 samples revealed that differences in mass loss were negligible between samples with
low and high densities (Fig. 19). The calculated difference between the low density and
high density class amounted to only 1 % for most of the treatments. Given the same
modification conditions, samples from Tetechia lost less mass than those from Arbegona
and Ambo, which had similar results (Fig. 18) and (Table 6; p. 81). Results for the second
Ethiopian bamboo species, the lowland bamboo (Oxytenanthera abyssinica), are presented
in addition to the findings for the sites and culm ages. This species exhibited lower mass
losses.
Apart from the differences related to the two species and their sites, the mass loss
followed a mathematical trend (Fig. 18). At low temperatures such as 160 ◦C, the mass
loss was approx. 2-4 %. At high temperatures of around 220 ◦C the mass loss was nearly
one sixth of the oven-dried weight. The calculation revealed the curve of the relationship
between modification temperature and mass loss to be exponential. Its general function
was f(x) = 2x + a.
Within the temperature range 160 ◦C to 220 ◦C, an increase of 20 K doubled the
mass loss. The coefficient of determination, which indicated how the mass loss fitted
the nonlinear exponential model, was very high with values above 0.90. In light of this,
the exponential model appeared to be realistic within the mentioned temperature range.
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Figure 19: Mass loss and grouped basic densities of highland bamboo (Yushania alpina)
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Except for the 160 ◦C class (Table 7; p. 81), the mass loss increased significantly with the
extension of the treatment time.
6.2.2 Sorption behaviour
The EMCs are displayed for lowland bamboo Oxytenanthera abyssinica (Fig. 20) and high-
land bamboo Yushania alpina (Fig. 21). Both species exhibited similar sorption behaviour
for the various thermal treatments and under the four different climatic conditions. The
reductions to the EMCs were greater for the highland bamboo than for the lowland bamboo
but the differences were only slight.
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Figure 20: Equilibrium moisture contents of untreated and modified lowland bamboo (Oxy-
tenanthera abyssinica) at four different climates (data collection in collaboration
with Mucha (2014))
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Figure 21: Equilibrium moisture contents of untreated and modified highland bamboo
(Yushania alpina) at four different climates (data collection in collaboration
with Mucha (2014))
The amounts differed most between 65 % and 89 % relative humidity. At the 89 %
relative humidity the values were double those recorded at 65 %. If more moisture is
available, the equilibrium moisture contents increase. For the steps 85 %, 87 % and 89%
the increases were linear.
The EMCs decreased as a consequence of thermal modifications. The holding time
exerted no influence, with the amounts almost identical for the three and five hour treat-
ments. The only anomaly was displayed at the highland bamboo modified at 160 ◦C, which
did not lie within the trend (Fig. 21). The sorption behaviour was influenced primarily by
the modification temperature. At a treatment temperature of 220 ◦C, the EMC reduction
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increased by 40 %, for example. The EMC reductions increased mainly at 160 ◦C, 180 ◦C
and 200 ◦C. The differences between 200 ◦C and 220 ◦C were minute.
6.2.3 Impact resistance
Samples for the test of impact resistances were totally deformed by the pendulum hammer
of the Dynstat machine. They broke up at the position, where they were clamped, but
they did not split into two parts totally (Fig. 22). Results of the impact resistance could be
related with thermal modification, anatomical part of the bamboo wall, age and position
along the bamboo culm.
Part of the bamboo wall
Test samples could be taken from the inner and outer part of the bamboo wall, because
the test required thin samples only. Clear differences could be found out between the outer
and inner part of the test samples (Fig. 23) and (Fig. 24). The impact resistance was
significantly higher for the outer part than the inner part.
samples before the test
from outside and inside the bamboo wall
sample after the test
broken samples
Figure 22: Samples before and after the test of impact resistance of untreated and modified
highland bamboo (Yushania alpina)
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Temperatures and holding times
The results depicted in the boxplots have shown an abrupt decrease in the impact resistance
at the transition between the unmodified and the modified samples, where the impact
resistance decreased more or less continuously (Fig. 23). The impact resistance of untreated
samples of both outer and inner part were significantly higher than their modified references
(Table 8; p. 82). At the 160 ◦C level, the difference between three hours and five hours
holding time was significant for the outer parts, whereas the results at 180 ◦C, 200 ◦C and
220 ◦C revealed no effect of holding time. The temperature affected the impact resistance
of the outer bamboo when modified at 160 ◦C, 180-200 ◦C and 220 ◦C. The results at the
180-200 ◦C level revealed no statistical differences, however.
The variances within the group of samples of the inner part were very high. The results,
therefore, became indistinct and were significantly different only between the 160-200 ◦C
and the 220 ◦C treatments (Table 8; p. 82). As was mentioned, the inner parts were less
stout. Samples from the outer part modified at 160 ◦C for five hours exhibited a similar
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Figure 23: Impact resistance of untreated and modified highland bamboo (Yushania
alpina)
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level of impact resistance to unmodified samples from the inner part.
Age of the bamboo culms
The results depicted in the bar diagrams have not shown a specific trend of impact re-
sistance in relation to the culms’ age (Fig. 24). Besides two exceptions, which indicated
higher impact resistances for untreated samples and samples treated at 160 ◦C at the age of
five, impact resistances were uniform for all ages of the outer samples. Impact resistances
of the inner part varied more or less, as already mentioned, but influences of the age were
not found out.
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Figure 24: Influences on impact resistance of highland bamboo (Yushania alpina) in terms
of age, part of the bamboo wall, position in culms’ height, and thermal modifi-
cation
43
6 RESULTS
Position along the culms
The results of untreated bamboo were related with the position in height along the bamboo
culm (Fig. 24). Results of native samples of the outer part varied within the first two and
a half metres, but did not follow a specific trend. Test items for the sections between 2.5
and 3.5 m were not taken by accident and the sample size was low for sections above 3.5
m. The impact resistance of the inner part increased within the first two and a half metres
rather than these of the outer part. It increased linearly by 45 % of the initial impact
resistance at the bottom.
6.2.4 Resistance to indentation
Samples for the test of resistance to indentation were indented by a steal-ball pressed into
the bamboo material with a force in radial direction. The indentation had an oval shape
and parts of strong modified samples sometimes broke due to the specified load (Fig. 25)
and (Fig. 26).
A trend towards decreased hardness, which is associated with the resistance to indenta-
tion, due to the thermal modification was observed (Fig. 26). The resistance to indentation
samples before the test
prepared for compression load in radial direction
on the outer part of bamboo
sample after the test
oval indentation and fractures due to strong modification
Figure 25: Samples before and after the test of resistance to indentation of untreated and
modified highland bamboo (Yushania alpina)
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Figure 26: Resistance to indentation of untreated and modified highland bamboo (Yusha-
nia alpina)
decreased from the untreated samples, with around 47 N
mm2
, to 20 N
mm2
at 220 ◦C. This
was a huge reduction. However, the variances within the results were too high and the
sample size too low to detect precise relationships between temperatures and holding times
(Table 9; p. 83).
The higher the modification temperature, the more fragile the samples became. Strongly
modified samples revealed a breakdown of material structures during the testing (Fig. 26).
6.3 Thermal modification: chemical analyses
The chemical analyses carried out as part of the thermal modification research revealed
differences in the chemical composition between the untreated and the modified samples.
As things developed relations between chemical changes and their influence on material
properties became apparent.
Change of colours
Bamboo samples became darker with increasing modification temperature. This visible
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effect was demonstrated by the bamboo samples milled before the chemical extraction
and the colours of soluble extractives in an ethanol-toluene mixture (Fig. 27). Untreated
samples had a green-orange colour, whereas the modified samples were brown to dark
brown.
milled bamboo with a particle size ≤ 0.5 mm
1) untreated 2) 160 ◦C, 3 h 3) 180 ◦C, 3 h
4) 200 ◦C, 3 h 5) 220 ◦C, 3 h
extractives in a 1:1 ethanol-toluene mixture
A) 160 ◦C, 3 h B) 160 ◦C, 5 h C) 180 ◦C, 3 h
D) 180 ◦C, 5 h E) 200 ◦C, 3 h F) 200 ◦C, 5 h
Figure 27: Colours of native and modified highland bamboo (Yushania alpina)
Chemical composition without consideration for mass loss
The analyses applied in the laboratories depicted the actual chemical composition of un-
treated and modified samples (Fig. 28) and (Table 10; p. 84). These results referring to the
actual composition of the particular modification did not consider mass loss in any way.
Extractives were degraded at low and at high temperatures. The relationship between
extractive content and the modification temperature and holding time fluctuated. The
extractive contents decreased and increased with increasing temperature. Contents of
untreated samples could be higher than the contents at 160 ◦C, but it could be lower than
the contents at 200 ◦C, too (Fig. 28). Linear relations between modification and extractives
could not be assumed for that reason. The overall extractive content was less than 6 %.
The lowest content resulted in 1.6 % extractives, the highest in 5.1 % extractives.
The lignin content increased within stronger modifications appreciable. The untreated
samples contained 26-27 % lignin, whereas the modified samples had up to 39-40 % at
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Figure 28: Chemical composition of untreated and modified highland bamboo (Yushania
alpina) without consideration for mass loss
temperatures of 220 ◦C held five hours (Fig. 28). The lignin content increased by 13-
14 %. The content increased only slightly at lower temperatures like 160 ◦C or 180 ◦C. The
temperature had a stronger effect than the modification time.
The cellulose content increased only slightly with increasing modification temperature
and time. All contents were between 48-55 % (Fig. 28). Maximal differences in cellulose
contents between untreated and strong modified samples amounted to 5-7 %, therefore.
The holocellulose content was influenced by temperature and time (Table 10; p. 84). Un-
treated samples had 72-73 % and treated samples (220 ◦C, five hours) 53-55 %. Therefore,
the holocellulose content decreased.
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The hemicellulose content also decreased. Unmodified bamboo had about 24-25 % hemi-
cellulose and modified bamboo (220 ◦C, five hours) only 1 % (Fig. 28). The hemicelluloses
degraded most as a consequence of modification. The temperature had a stronger effect
than the modification time, as already proven.
It was determined that the ash contents of the untreated and the treated samples cor-
related to some extent. The ash contents ranged from 1.9 % for untreated to 2.5 % for
treated samples. However, the results pertaining to the modification fluctuated at the
treatment temperatures 200 ◦C and 220 ◦C.
Chemical composition by taking mass loss into consideration
The actual contents of modified samples were listed in the previous paragraph. The con-
tents in total consumption were calculated by taking mass loss into consideration (Fig. 29).
As was explained, the mass loss was the relative change in the mass of the samples before
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Figure 29: Chemical composition of untreated and modified highland bamboo (Yushania
alpina) by taking mass loss into consideration
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and after the thermal modification. It resulted in a loss of mass, because substances were
degraded due to thermal modification. The analysed contents, which were based on 100 %
of the material remaining, were related to the samples’ initial mass (Fig. 29). This rela-
tion was taken into consideration to compare quantitative changes of components directly
influenced by the thermal modification.
The chemical composition of samples analysed differed, as was previously outlined. The
lignin contents increased by 6-7 % from the untreated (27 %) to the modified samples (33-
34 %), for example. Even when the cellulose content of the analysed samples increased, it
decreased slightly in the total consumption. It was discovered that the loss of mass was
directly connected to the degradation of hemicelluloses. At temperatures of 220 ◦C the
hemicelluloses were fully removed.
Relative changes of chemical composition
The contents of chemical components of the modified samples displayed in the total con-
sumption (Fig. 29) were compared with the contents of chemical composition of untreated
samples. The differences of both modified and untreated contents were related to the ini-
tial, untreated contents. The results revealed the relative changes of chemical composition
(Fig. 30). The contents of extractives fluctuated, as was proven before. The cellulose nearly
remained fully, around 7 % of the initial content degraded at 220 ◦C only. The relative
increase of the lignin content was appreciable. Numbers amounted to a maximum of 27 %.
Hemicellulose was degraded most of all, its content decreased by 95-97 % at 220 ◦C held
for five hours. The treatment temperatures had a stronger effect than the modification
time. However, the extension of holding time by two hours led to a further reduction of
10 % native hemicellulose in some cases. This number was not negligible.
Influence of hemicellulose reduction on physical properties
As was found out, the hemicellulose content was degraded due to thermal modification
most of all. Its relative reduction (Fig. 30) was correlated with physical properties like
equilibrium moisture content, impact resistance and resistance to indentation (Fig. 31).
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Figure 30: Relative changes of chemical composition due to thermal modification of high-
land bamboo (Yushania alpina)
All listed properties had strong, linear correlations with the hemicellulose reductions,
because all coefficients of determination were higher than R2 = 0.80. The equilibrium
moisture content decrease with decreasing hemicellulose. This was proven for climatic
conditions at 20 ◦C, 65 % rh; 20 ◦C, 85 % rh; 15 ◦C, 87 % rh; and 12 ◦C, 89 % rh. A
complete reduction of hemicellulose led to a reduction of EMCs by almost 40-50 %.
The impact resistance was deteriorated by the reduction of hemicellulose, furthermore.
Deteriorations were less concerning samples from the outer part in comparison with samples
from the inner part. The complete degradation of hemicellulose led to a reduction of impact
resistance by more than 60 %.
Similar results were shown for the resistance of indentation, where the degradation of
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Figure 31: Influence of hemicellulose reduction on physical properties of highland bamboo
(Yushania alpina)
hemicellulose amounted to a reduction of nearly 60 % of the initial values. However, slight
reductions of hemicellulose influenced the resistance of indentation only little.
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7 Discussion
7.1 Highland bamboo
7.1.1 Diameter
Bamboo is known as one of the fastest growing plants, due to the growth of individual
internodes, which can reach their absolute height within two to four months (Liese, 1985).
Culm growth is promoted by high temperatures, high humidity and great water availability
(Kleinhenz and Midmore, 2001). As certain bamboo species such as Dendrocalamus
giganteus can reach diameters of up to 30 cm (Liese, 1985), the highland bamboo Yushania
alpina growing at the Tetechia village had only very small diameters by comparison (5 cm).
Describing the synonymous Arundinaria alpina, Liese (1985) claimed diameters of 8 cm to
10 cm, taking into consideration that the culm diameter and annual height growth increase
with the age of the clump. The diameters of the bamboos at the two sites Arbegona and
Tetechia may have differed from one another for this reason. The gradual decrease in
diameter from culm bottom to top was common for all bamboos.
7.1.2 Wall thickness
The wall thickness was of greater importance for woven strand board production than the
diameter. Thin splits were too small with the consequence that the inner and outer surface
layers could not be fully removed. If the lower limit is set at 0.5 mm, the utilisable length
is about 6 m. A comparison of general culm attributes of common bamboo species revealed
that the highland bamboo is amongst the species with the thinnest walls (Liese, 1985).
7.1.3 Moisture content
The moisture content of all age groups decreased from bottom to top. The same charac-
teristics of Yushania alpina were also observed by Kelemwork et al. (2008), who found
significant differences between the base, middle and top section. Moisture contents of more
than 150 % were not unusual, corresponding to the 149 % demonstrated by Kelemwork
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et al. (2008). Moisture content values reach their maximum in the rainy season and min-
imum during the dry season (Liese, 1985). The contents of green and already seasoned
bamboo decreased from bottom to top (Wakchaure and Kute, 2012).
Kelemwork et al. (2008) observed a decrease in the initial moisture contents of Yusha-
nia alpina with age. Reasons given for this were anatomical changes taking place during
maturation. A comparison of one, two and three year old bamboo revealed that the one
year old culms had the highest and three year old culms the lowest moisture contents.
The same results were observed in this study. Three year old culms differed from two year
old culms. However, the moisture content increased again at ages four and five. These
differences could possibly have been merely variations between individuals, but further
investigations with more than three culms per age class might provide more clarity. The
study of the moisture content could also be expanded upon by adding culms of six years
of age and older.
In addition to determining the precise moisture content distributed along the length of
the bamboo culms, the significance of the high moisture contents were also examined with
respect to their impact on processing. Storage times were less than a few weeks for unpro-
cessed culms and only a few days for crushed bamboo splits. The high moisture contents
and the removal of the outer and inner layers during crushing provided optimal condi-
tions for fungal infection. Crushed bamboo splits should, therefore, be dried or thermally
modified immediately.
7.1.4 Density
The density of the bamboo culms increased from the bottom to the top, and from the inner
to the outer part in transverse section. This was due to an increase in the fibre percentage
(Hildago-López, 2003). About 50 % of the fibres were concentrated in the outer third
of the culm (Liese, 1998). The density of bamboo culms generally ranges between 0.5 g
cm2
and 0.8 g
cm2
(Liese, 1985). The results obtained for the highland bamboo fit well in this
general density range.
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Culms of two to five years of age revealed different densities. Two year old culms had
the lowest and three year old culms the highest densities. The densities of four and five year
old culms lay inbetween. Kelemwork et al. (2008) observed an increase in the density
of culms of highland bamboo from ages one to three. They determined the volume by
immersing samples in water. More samples should be taken in order to investigate why
culms of ages four and five were less dense than three year old culms (see section 7.1.3).
A wrong identification of bamboo ages could not be completely excluded on the basis of
the present results, even several local experts were asked for advice.
The density of highland bamboo was of high importance concerning characteristics of
the material. At present it is used for quantity calculations in terms of woven strand board
production. However, information about the storage density and volume of thermally mod-
ified, crushed splits is of great importance, too. The removal of material and the alteration
of the morphology during crushing, and the loss of mass due to thermal modification, are
important for industrial storage and production computations.
7.2 Thermal modification
7.2.1 Mass loss
The loss of mass was directly connected to the thermal treatment. Treatment temperatures
influenced mass loss most of all. Treatment times could enlarge this loss to a certain degree.
The curve of mass loss as a function of treatment temperature was exponential, as was
described in section 6.2.1. This functional trend was only evident up to temperatures of
220 ◦C; theoretically mass loss would be 100 % at a temperature of 272.87 ◦C (for a = 0).
Mass loss correlated with hemicellulose degradation in the temperature range 160 ◦C to
220 ◦C. As bamboo is based on several composites with different thermal stabilities, the
exponential model does not apply at higher temperatures for this reason also.
The results of a study carried out by Nguyen et al. (2012), who investigated the effects
of temperature on Dendrocalamus asper and Dendrocalamus barbatus at 130 ◦C, 180 ◦C
and 220 ◦C in a nitrogen atmosphere, also fit the exponential function model. As the
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mass loss is easy to measure without special devices or complex analyses, it could be used
to predict degradation within the bamboo material. More information concerning the
chemical composition and degradation is provided in section 7.2.5.
Variances in the results for the mass loss might be explained by natural variances in
the sample material and in the characteristics of individual bamboos. Any such influence
in one and the same treatment could be excluded, however. All samples were subject
to the same treatment conditions. Bamboo characteristics such material density, which
changed relative to age and part of the culm, were a minor influence. At only 1 %, the
average differences in the density classes were negligible. By contrast, Nguyen et al.
(2012) observed differences in mass loss from the bottom to the top of culms of up to 3 %
for Dendrocalamus asper.
Results presented in different publications revealed variations in the temperature – mass
loss relationship according to the treatment atmosphere. Zhang et al. (2013) observed
extreme mass losses of nearly 30 % for Phyllostachys pubescens heated at 220 ◦C for four
hours. The treatment took place in a dry-oven without oxygen-reduced conditions. Elder
(1991) reported that the extent of modifications was much greater in heated air than in an
inert atmosphere, even at low temperatures. Compared to the results obtained for Yushania
alpina and Oxytenanthera abyssinica, the mass loss at the same treatment temperatures
was almost twice as great. The mass losses to thermally treated bamboo using nitrogen
documented by Colla et al. (2011) and Nguyen et al. (2012) were similar to the losses
incurred employing the steam method in this study.
Treatments above 220 ◦C should not be applied for the industrial production of WSB.
The changes that occur are undesirable. Colla et al. (2011) observed mass losses of more
than 20 % at 260 ◦C and about 50 % at 300 ◦C.
Increasing the duration of treatment is not be practicable for production at an industrial
scale, as this reduces production capacity. Bamboo modifications at 220 ◦C, for example,
and corresponding total treatment durations of 22 hours (Nguyen et al., 2012), 19 hours
(Colla et al., 2011) and 7-9 hours (this study) brought about quite similar outcomes.
Whereas mass loss effects between different woody species may be very diverse like
55
7 DISCUSSION
shown on results for Fagus sylvatica and Fraxinus excelsior (Windeisen et al., 2009),
they were quite similar in bamboo modification.
7.2.2 Sorption behaviour
The equilibrium moisture content decreased in relation with relative humidity due to ther-
mal modification. It decreased in line with mass loss (Nguyen et al., 2012) and the loss
of hemicellulose (Bremer et al., 2013). Similar correlation were shown in this study.
Reductions in hemicellulose led to decreases in equilibrium moisture contents.
The rate of decrease was not linear. In the range 160 ◦C to 200 ◦C, EMCs decreased
continuously, but reached a more or less constant level at 220 ◦C. This behaviour might
be explained by the degradation of hemicellulose on the one hand, but also by initial de-
formations to cellulose chains at high temperatures. Hill (2006), for instance, described
crystallinity changes in cellulose. Kollmann and Schneider (1963) found that for ther-
mally treated wood an increase of the treatment duration did not invariably lead to lower
EMCs; increases were also observed. They explained this result by the development of new
hydrophilic groups in the chemical structure. With swelling linked to sorption behaviour,
graphs by Colla et al. (2011) displayed increases in tangential swelling of Dendrocalamus
giganteus at temperatures of 220 ◦C and above.
Four different climates were applied. The EMCs increased with increasing relative
humidity. EMC was clearly less at 65 % relative humidity than at 85-89 %. Popper et al.
(2005) presented similar processes.
A temperature of 200 ◦C is sufficient to improve the sorption behaviour for the purposes
of woven strand board production. The strands are processed in further steps such as glue
application. If water-based glue is applied, consideration must be given to the strand
sorption properties.
56
7 DISCUSSION
7.2.3 Impact resistance
Investigations by Bremer et al. (2013) on the impact resistance of Dendrocalamus spec.
employing the same method and sample dimensions largely corresponded with the results
of this study. Resistances by the outer parts were higher than those of the inner parts. This
can be explained by the higher fibre content (Bremer et al., 2013) and the anatomical
structure, mainly expressed by the distribution of vascular bundles (Kelemwork et al.,
2008). According to Liese (1998), these vascular bundles are concentrated in the outer
third along the transverse section. Variations of the impact resistances in the inner part
were quite high. This may point to inhomogeneous structures.
Whereas the modulus of elasticity decreased only slightly with increasing modification
temperature, the modulus of rupture fell significantly (Zhang et al., 2013).
The reduction of hemicellulose correlated with the deteriorations of impact resistances.
Modification above 200 ◦C with high mass losses and strong hemicellulose degradations
should be avoided.
Due to the greater impact resistance, the outer parts should be maintained as far as is
possible. The removal of the outer wax layer during crushing also removed parts of the
outer section. This processing step should be optimised, because otherwise high strength
material will be lost.
The Dynstat method has proven to be ideal for testing of impact resistances of bamboo.
It enable the testing on thin-walled bamboo and a precise selections of different anatomical
parts, because only small sample dimensions were required for the test specimens. The
outer parts at the bottom section exhibited a different impact resistance as those of the
middle section. Anatomical structures could change along the bamboo culms. This fact
should be taken into consideration in the context of woven strand board production.
7.2.4 Resistance to indentation
Influences of thermal modification on the outer material hardness were also revealed by the
tests carried out. Untreated bamboo was very hard. Characteristic values by Sell (1997)
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determined the hardness of bamboo to be similar to Robinia pseudoacacia, close even to
certain tropical woods such as Lophira alata. Certainly it is harder than Fagus sylvatica and
Quercus robur. The hardness of bamboo derives from the anatomical structure, with the
strongest fibre bundle concentrations in the external third of the bamboo wall (Hildago-
López, 2003). Strong modifications caused degradations within the material, resulting
in reduced hardness. These results correlated with the reductions of hemicellulose, too.
Modified samples were softer, their hardnesses similar to that of Betula pendula or Cordia
africana (Sell, 1997).
In comparison to that other characterisation of mechanical properties, the impact re-
sistance, the resistance to indentation decreased more continuously with increasing tem-
perature. It did not show an abrupt decrease at the transition between untreated and
treated. This may be explained by the fact that mechanical properties were influenced
by the modification in another way. Zhang et al. (2013) described dissimilar reactions to
thermal modification of the modulus of elasticity and the modulus of rupture, for instance.
The sampling approach employed for the testing method applied in this study should
be improved to reduce the possible error. The sample size should be increased and the
dimensions of the samples changed. As the highland bamboo is round and has a thin wall,
only a few samples of the samples met the guidelines contained in the standards. Fractures
to the sample surfaces occurred during indentation. Samples should be longer in order to
avoid this.
The compression of the bamboo material during the pressing phase of the production
of woven strand boards will have the greatest influence on their hardness. Strand woven
bamboo products are promoted as being very hard, ranking with tropical wood species
(van der Lugt, 2008).
7.2.5 Chemical composition
The total composition of all chemical components did not always amount 100 %. The
sum of extractives, holocellulose and lignin of the untreated samples was a little above
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100 % and less than 100 % in the case of the modified samples. Bremer et al. (2013),
who analysed thermally modified Dendrocalamus barbatus and Dendrocalamus asper, also
identified fluctuations in the overall chemical composition. The results for the native
species Gigantochloa spec. presented by Wahab et al. (2013) were even higher. Chemical
compositions exceeding 100 % were also shown by Sarfo (2008) for Bambusa spec. The
sum of extractives, holocellulose and lignin in Phyllostachys pubescens was less than 100
% in most cases (Li, 2004). The reasons for these contrasting results could relate to
the natural variability of the bamboo material, chemical degradation due to the thermal
modification and the chemical analysis itself. As bamboo is a natural substance, modified
procedures and methods for this wood-related substance were used rather than the classical
analytical chemistry methods (Fengel and Wegener, 1989). The main difficulties were
not the amount of components, but the fact that a close relationship existed between the
macromolecules of the cell wall due to the ultrastructure and chemical association (Fengel
and Wegener, 1989). To ensure appropriate results and to isolate faults, repetitions of
each analysis were carried out under the same conditions. The results differed by less than
2 % between the repetitions; and less than 1 % on average.
Extractives
No linear relationships between extractive content and thermal modification were revealed.
However, the colour of extractives became darker and darker with the modifications. Bre-
mer et al. (2013) investigated the decrease of extractives due to volatile organic compounds.
As an ethanol-toluene solution was used to determine the content, already degraded com-
pounds of the holocellulose or even the lignin structure could have been become soluble.
Fluctuations within the extractive content would be the outcome. The extraction could
be performed with different methods. It was possible to use alcohol-benzene solutions for
instance (Farmer, 1967). Hot water extractions led to higher contents in bamboo than
the aforementioned methods (Li, 2004). All in all, the extractive content was low, and
except the changes within colour, barely influenced the material characteristics.
59
7 DISCUSSION
Lignin
The absolute and relative lignin content increased due to thermal modification. In spite of
changes to the lignin input before and the output after thermal modification, the absolute
content in total consumption should have stayed at the same level. Nevertheless, the lignin
content increased. This can be explained by condensation reactions of lignin with carbo-
hydrate structures (Windeisen et al., 2009) and (Bremer et al., 2013). Decomposition
products of hemicellulose in combination with lignin could be detected using the Klason
lignin method, as these condensation polymers were not soluble in sulphuric acid (Bremer
et al., 2013). Klason lignin analysis is commonly applied in wood chemistry (Rowell,
2013).
Cellulose
The cellulose contents increased in absolute terms, as was the case for lignin, but decreased
relatively. The loss was low, however, at only a few percent. Cellulose belonged to the
polymers with high thermal stability, due to its crystallinity of about 50-70 % (Shiraishi,
2001). Losses due to thermal modification occurred as a result of cellulose chain shortening
(Bremer et al., 2013). However, cellulose was more stable in thermogravimetric analysis
than hemicellulose (Elder, 1991). Cellulose contents were supposed not to decrease at
temperatures of 150 ◦C and below (Hill, 2006). Changes in crystallinity and the degree of
polymerisation were also observed with deteriorations in mechanical properties (Melle,
2013). All in all, there was little effect on the cellulose content within the chosen tempera-
ture range. As opposed to the absolute and relative content, its structural changes should
be considered.
Hemicellulose
The degradation of hemicellulose in Yushania alpina was reflected primarily by a loss of
mass. Losses were low at temperatures of 160 ◦C, whereas hemicelluloses were almost
completely removed at 220 ◦C. Zhang et al. (2013) confirmed that hemicelluloses of Phyl-
lostachys pubescens mainly degraded at temperatures above 160 ◦C. Bremer et al. (2013)
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observed negligible losses of hemicelluloses for Dendrocalamus spec. at 130 ◦C. The ther-
mally sensitive hemicellulose was observed to degrade at these low temperatures (Elder,
1991).
The three-dimensional lignin and the crystalline cellulose were formed in lignin carbohy-
drate complexes, whereas both main components were bounded by interactions with hemi-
celluloses (Shiraishi, 2001). The removal of hemicellulose resulted in structural changes.
Reduced impact resistance and resistance to indentation demonstrated how these changes
influenced mechanical properties. Decomposition products were linked the changes in
colour (Bremer et al., 2013). The hydrophobic character evidenced with decreasing equi-
librium moisture content was brought about by a reduction of hydroxyl groups, which
were partly lost as a consequence of hemicellulose decomposition (Bremer et al., 2013).
This had the effect of improving durability. Leithoff and Peek (2001), Okahisa et al.
(2006), Manalo and Garcia (2012) and Wei et al. (2013) provided information about
durability tests on bamboo with and without thermal treatment.
Starch, an additional polysaccharide in bamboo, was not part of the hemicellulose (Ek
et al., 2009), but it played an important role in attracting insect and fungal attack (Liese,
1985). Bremer et al. (2013) revealed that some starch remained in Dendrocalamus spec.
up to a modification temperature of 180 ◦C.
Ash content
Ash contents can differ between bamboo species (Engler et al., 2012), as has been shown
on the basis of a comparison of Phyllostachys pubescens with 1.6 % and Bambusa emeiensis
with 3.7 %. Ash contents of different species of the genus Gigantochloa vary between 1-3
% (Wahab et al., 2013).
Ash contents of Yushania alpina were somewhere inbetween, at around 2 %. They
increased slightly with thermal modification, likely linked to the loss of mass loss.
Bamboo is a desirable plant in terms of combustion, but a possible limitation on its use
relates to the low ash deformation temperatures (Engler et al., 2012).
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7.3 Requirements of the final product
All tests carried out in this study were performed to better understand the thermal modifi-
cation of Yushania alpina and to help make decisions for its industrial application. Several
standards could be drawn upon to outline requirements and factors for woven strand board
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Figure 32: Requirements and factors concerning the final product of the woven strand
board bamboo compound based on several standards and customer demands
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production using bamboo. A mind map of the relevant properties and functions provides an
overview (Fig. 32). The general standard for wood flooring DIN EN 14342 (2013) included
characteristics, evaluation of conformity and marking, but it explicitly excluded bamboo
products. However, test methods for the characterisation of compounds and products
made from cellulose-based materials and thermoplastics, especially wood-polymer compos-
ites (WPC) or natural fibre composites (NFC), were provided in the standard DIN EN
15534-1 (2014). Natural fibres from different plants were listed, bamboo included. The
application of wood-based panels for use in construction was demonstrated in DIN EN
13986 (2005). No specific raw materials were either excluded or included, but informa-
tion about the specific characteristics necessary was provided. The standard DIN CEN TS
15679 (2008) relates specifically to thermally modified timber and thermal treatment. Var-
ious requirements must be met, especially for use as outdoor decking (Sieburg-Rockel,
2012).
All facts must be considered in order to decide, which thermal modification was best.
The most important demands at present are the shape and appearance of the final board,
its mechanical properties, safety requirements and high durability (Fig. 32). Thermal
modification in the process of woven strand board production mainly influenced the final,
attractive dark brown colour and also improved durability as sorption behaviour and chem-
ical composition were changed drastically. However, the mechanical properties of the high
quality bamboo were affected negatively. The final product combines improved durability
and reduced strength. In line with the mentioned contradiction, the application of glue
and the pressing of thermally modified strands are beneficial. Both processing steps might
improve mechanical properties, because glue builds up new structural bonds during the
pressing of strands to a dense board. Tests of the mechanical properties and durability
should be carried out on the final product.
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8 Conclusions
. . . bamboo
Bamboo, a perennial grass forming woody, hollow culms, is spread over millions of hectares
worldwide. It has several diverse uses due to its fast growth, the ease of processing and
its material characteristics, which are similar to those of wood. However, its resistance to
fungi and insects is low and is a recognised negative feature of bamboo.
. . . thermal modification
Thermal modification has been investigated for many wood species, resulting ultimately
in property improvements such as better dimensional stability, resistance to microbial
attack, colour alterations and reduced hygroscopicity. However, the mechanical properties
have been affected negatively. Investigations have been demanded in terms of optimising
thermal modification in order to combine improved properties and reduced strength best.
The effects of thermal modification on different bamboo species have also been investigated
in recent years.
. . . woven strand boards
Ethiopia’s highland bamboo Yushania alpina and thermal modification were combined to
produce woven strand boards. The aim was to avail of the natural resource of bamboo
while at the same time improving its properties with the help of thermal treatment. Woven
strand board is a new product involving similar production processes to those employed in
strand woven bamboo manufactured in Asia. The scope of application focused on outdoor
decking, such as boards for terraces. Durability, appearance, mechanical properties and
safety requirements attained a high level, meeting the requirements of both customers and
the existing standards.
. . . bamboo properties
Yushania alpina is thin-walled compared to other bamboo species. The usable culm length
for woven strand board production amounted to about 6 m only. The bamboo properties
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changed from the bottom to the top of the culm. The basic and oven-dried density in-
creased, whereas diameter, wall thickness and moisture content decreased. Differences in
age influenced these properties also, except diameter and wall thickness.
The factors age and the part of the culm did not play an important role with respect
to thermal modification. Compared to the loss of mass, the differences were minute.
. . . chemical composition
The chemical compositions changed as a result of thermal modification. The lignin and
cellulose contents shifted due to the enormous degradation of hemicellulose. The loss of
hemicellulose correlated with the loss of mass loss. Mass loss could, therefore, be used
to indicate chemical degradation. Cellulose exhibited greater thermal stability, but also
degraded at higher temperatures. The amount of lignin increased, as condensations with
degraded components were likely.
An important side effect of the modification, was the darkening of the colour. The
bamboo material and its extractives became brown to dark brown. The woven strand
boards produced resembled boards manufactured from rare, high quality, tropical wood
species.
. . . physical properties
The mechanical properties, linked with the chemical ultrastructure, also changed as a result
of thermal treatment. Hardness and impact resistance decreased, because the material be-
came fragile. The outer parts of bamboo culms should be preferred for their high strength.
The sorption behaviour was manipulated positively. Equilibrium moisture contents were
reduced; almost stabilised at high modification temperatures. Both the changed chemical
compositions and the reduced equilibrium moisture contents were expected to effect dura-
bility positively. Decisions regarding the trade off between a reduction in the mechanical
properties and improved durability are necessary.
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. . . temperatures
Studies presented in the literature reveal that the thermal modification of bamboo has
been performed at a temperature range of 130 ◦C to 300 ◦C. A temperature range of 160
◦C to 220 ◦C was chosen for the investigation of Yushania alpina presented here. Chemical
changes to the woody structure - albeit slight - were already observed at 160 ◦C. A temper-
ature range of around 180-200 ◦C is recommended for woven strand board production. The
properties of woven strand boards influenced by sorption behaviour, chemical composition
and mechanical strength demanded by consumers are provided for within this range. Tem-
peratures above 200 ◦C were deemed to be too high for the thermal treatment of highland
bamboo. A huge deterioration of the mechanical strength and product properties would
appear to take place as a consequence.
. . . durations
The duration of heating had no noteworthy influence on the thermal treatment. The avail-
able capacity should be used to reach the final temperature quickly to reduce processing
time. Holding times of three and five hours were applied in the study. The results revealed
that the additional two hours exerted only a minor influence. The holding time of three
hours appeared to be appropriate.
. . . further recommendations
The oxygen-free atmosphere should be ensured at all times during the thermal modification
process. The use of water steam is recommended, because this medium transfers heat
excellently and works as an inert blanket. The use of normal air is not advised, because
oxidative processes lead to enormous losses of mass. Modifications using hot-oil are not
feasible for woven strand board production.
As glue application and pressing followed thermal modification, the durability and me-
chanical properties of the modified, glued, pressed and finalised boards should be tested.
Glue application and pressing are expected to have further positive effects on the woven
strand boards.
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’African Bamboo PLC’ has the vision to become the first and the leading bamboo-based
floorboard producer in Africa with export markets in Europe and America. African alpine
bamboo (Yushania alpina), common in the highlands of Ethiopia, was used to develop
woven strand board (WSB) products. Research on thermal modification was part of the
product development.
Samples were mainly collected in Tetechia (6◦33′34′′ N 38◦32′25′′ W, 2,650-2,700 m
a.s.l.), located in the Sidama region. Three culms each of two, three, four and five years of
age were harvested. Samples were taken from the middle of each internode to determine the
moisture content and density. Samples used to assess the effects of thermal modification
were cut next to them. Further test specimens from different areas and other species such
as the lowland bamboo (Oxytenanthera abyssinica) were also investigated.
The thermal treatment was applied in a kiln with steam as an inert blanket to reduce
oxidative processes. Eight modifications were performed at temperatures of 160 ◦C, 180 ◦C,
200 ◦C and 220 ◦C, at durations of three or five hours each. Mass loss, sorption behaviour,
impact resistance, resistance to indentation and contents of chemical components were
analysed for the modified and unmodified samples.
Yushania alpina is a thin-walled bamboo with a maximum diameter of 6 cm, moisture
content of up to 150 % and densities of between 0.5 g
cm2
and 0.8 g
cm2
. Moisture content,
diameter and wall thickness decreased from the bottom to the top of the culms, whereas
density increased. Two year old bamboo had the lowest and three year the highest density.
The mass loss followed an exponential trend, with about 2 % loss at 160 ◦C and 16 %
at 220 ◦C. This mainly reflected the degradation of hemicellulose, which was fully removed
at 220 ◦C. Extractive contents, at less than 5 %, fluctuated. Lignin amounted to 30 % and
increased appreciably. Cellulose reached contents of about 45 % and decreased slightly at
high temperatures. The chemical change, which was based more on the temperature than
on the duration of treatment, influenced the sorption behaviour and mechanical properties
most of all. The equilibrium moisture content was reduced by between 10 % to 40 %,
67
9 SUMMARY
depending on the climate and modification temperature chosen. This reduction stabilised
between temperatures of 200 ◦C and 220 ◦C. The impact resistance of untreated bamboo
was 3.8 J
cm2
, compared to only 1.4 J
cm2
for modified samples. Resistance also differed
between samples from the outer and inner part of the culm in the transverse section. The
resistance to indentation declined also. Unmodified samples had 47 N
mm2
, compared to only
20 N
mm2
for strongly modified samples.
The results of the analysis and the experience gained indicate that temperatures between
180 ◦C and 200 ◦C, held for three hours, lead to the best results for woven strand board
production using Ethiopian highland bamboo.
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10 Zusammenfassung
’African Bamboo PLC’ setzt sich zum Ziel, als erstes Unternehmen Holzwerkstoffe aus
Bambus nach Europa und Amerika zu exportieren. Afrikanischer Hochgebirgsbambus
(Yushania alpina), welcher vor allem im Hochland von Äthiopien vorkommt, wurde dazu
verwendet ”woven strand boards” (WSB) zu entwickeln. Untersuchungen zur thermischen
Modifizierung waren dabei Bestandteil der Produktentwicklung.
Die dafür notwendigen Bambusproben wurden hauptsächlich in Tetechia (6◦33′34′′ N
38◦32′25′′ W, 2650-2700 m ü. NN), einem Dorf in Sidama, entnommen. Es wurden dazu je
drei Bambushalme der Altersklassen zwei, drei, vier und fünf Jahre geerntet. Proben für die
Bestimmung von Holzfeuchte und Dichte wurden in der Mitte jedes Internodiums entnom-
men. Diese spielten als Referenzprobe eine große Rolle. Neben den Referenzprobekörpern
wurden die jeweiligen Stücke für die thermische Behandlung heraus gesägt, wobei dies
nach einer bestimmten Systematik erfolgte. Neben den Proben aus Tetechia wurden für
die Untersuchungen zudem Proben aus anderen Gebieten und von einer anderen Art, dem
Tieflandbambus (Oxytenanthera abyssinica), hinzugefügt.
Die thermische Modifizierung erfolgte unter Wasserdampf, welcher oxidative Prozesse
verhinderte. Insgesamt erfolgten acht Modifizierungen bei Temperaturen von 160 ◦C, 180 ◦C,
200 ◦C und 220 ◦C und einer jeweiligen Haltezeit von drei oder fünf Stunden. In Anbetracht
der unbehandelten und behandelten Proben wurden der Masseverlust, die Bruchschlagar-
beit, der Eindruckswiderstand und die chemische Zusammensetzung analysiert.
Yushania alpina ist ein dünnwandiger Bambus mit Durchmessern bis zu 6 cm, Holz-
feuchten bis 150 % und Dichten zwischen 0,5 g
cm2
und 0,8 g
cm2
. Holzfeuchte, Durchmesser
und Wandstärke verringerten sich mit der Halmhöhe, wobei die Dichte hingegen anstieg.
Zweijähriger Bambus hatte die geringsten und dreijähriger Bambus die höchsten Dichten.
Der Masseverlust folgte einem expontiellem Verlauf mit Werten von 2 % bei 160 ◦C
und 16 % bei 220 ◦C. Er widerspiegelte den Abbau der Hemicellulose, welche bei 220 ◦C
schon nicht mehr vorhanden war. Exktraktgehalte fluktuierten mit Werten unter 5 %. Der
Ligningehalt lag bei ungefähr 30 % und stieg merklich an. Der Cellulosegehalt erreichte
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Werte von etwa 45 %, wobei die Cellulose bei höheren Temperaturen leicht abgebaut wurde.
Die chemischen Veränderungen, welche maßgeblich von der angewandten Temperatur statt
der Behandlungsdauer beeinflusst wurden, wirkten sich auf das Sorptionsverhalten und
mechanische Eigenschaften aus. Je nach ausgesetztem Klima und erfolgter Modifikation
wurde die Ausgleichsfeuchte der Proben um 10 % bis 40 % reduziert. Die Abnahme der
Ausgleichsfeuchte stabilisierte sich im Temperaturbereich von 200 ◦C bis 220 ◦C. Die
Bruchschlagarbeit des unbehandelten Bambus betrug 3,8 J
cm2
, die des behandelten nur
1,4 J
cm2
. Die Bruchschlagarbeit variierte unabhängig von der Modifikation zwischen dem
inneren und äußeren Abschnittes innerhalb des Halmquerschnitts. Der Eindruckswider-
stand nahm mit der thermischen Behandlung ebenfalls ab. Unbehandelte Proben hatten
47 N
mm2
, während die modifizierten Proben nur noch 20 N
mm2
aufwiesen.
Anhand der Ergebnisse und erworbenen Erfahrungen lies sich schlussfolgern, dass Tem-
peraturen zwischen 180 ◦C und 200 ◦C bei einer Haltezeit von drei Stunden für die ther-
mische Modifizierung von Äthiopischem Hochlandbambus in Bezug auf die Entwicklung
von ”woven strand boards” empfehlenswert waren.
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standes (Brinell) - Prüfmethode. Beuth Verlag GmbH. Berlin.
71
DIN EN 15534-1 (2014). Verbundwerkstoffe aus cellulosehaltigen Materialien und Ther-
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O. Hidalgo-López.
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A Diameter and wall thickness
Table 3: Diameter and wall thickness of the highland bamboo (Yushania alpina) at its
initial moisture level; data for the Tetechia site
section 2 years 3 years 4 years 5 years
heights min - max average min - max average min - max average min - max average
[m] [cm] [cm] [cm] [cm] [cm] [cm] [cm] [cm]
d
ia
m
e
te
r
0.00 - 0.99 5.44 - 6.36 5.85 5.28 - 6.22 5.71 5.17 - 6.06 5.49 5.21 - 5.79 5.47
1.00 - 1.99 5.28 - 5.92 5.59 5.25 - 6.17 5.59 5.04 - 5.59 5.26 4.96 - 5.32 5.14
2.00 - 2.99 4.85 - 5.63 5.27 5.00 - 6.05 5.51 4.90 - 5.35 5.09 4.72 - 5.10 4.90
3.00 - 3.99 4.50 - 5.32 5.00 4.67 - 5.75 5.25 4.60 - 4.99 4.84 4.41 - 4.69 4.57
4.00 - 4.99 4.14 - 5.00 4.62 4.18 - 5.45 4.90 4.29 - 4.61 4.48 3.96 - 4.39 4.18
5.00 - 5.99 3.70 - 4.63 4.21 3.65 - 4.96 4.44 3.64 - 4.19 3.97 3.38 - 3.94 3.69
6.00 - 6.99 3.25 - 4.07 3.66 2.80 - 4.38 3.73 3.24 - 3.92 3.55 2.88 - 3.46 3.13
7.00 - 7.99 3.06 - 3.64 3.32 3.22 - 3.89 3.61 2.62 - 3.40 3.03
w
a
ll
th
ic
k
n
e
ss
0.00 - 0.99 0.90 - 1.50 1.12 0.92 - 1.73 1.21 1.00 - 1.51 1.23 1.08 - 1.62 1.29
1.00 - 1.99 0.81 - 0.90 0.86 0.70 - 1.07 0.85 0.76 - 0.96 0.88 0.80 - 1.03 0.90
2.00 - 2.99 0.70 - 0.79 0.75 0.63 - 0.88 0.73 0.66 - 0.83 0.75 0.69 - 0.79 0.74
3.00 - 3.99 0.64 - 0.71 0.67 0.54 - 0.73 0.63 0.53 - 0.74 0.68 0.60 - 0.68 0.64
4.00 - 4.99 0.58 - 0.66 0.61 0.46 - 0.66 0.55 0.47 - 0.65 0.59 0.54 - 0.61 0.58
5.00 - 5.99 0.52 - 0.67 0.59 0.43 - 0.60 0.51 0.43 - 0.62 0.53 0.47 - 0.57 0.52
6.00 - 6.99 0.49 - 0.53 0.51 0.35 - 0.54 0.45 0.42 - 0.55 0.49 0.45 - 0.50 0.47
7.00 - 7.99 0.44 - 0.50 0.47 0.41 - 0.51 0.45 0.42 - 0.48 0.46
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B Moisture content
Table 4: Moisture contents and their distributions within the culms of the highland bamboo
(Yushania alpina); data for the Tetechia site
section 2 years 3 years 4 years 5 years
heights min - max average min - max average min - max average min - max average
[m] [%] [%] [%] [%] [%] [%] [%] [%]
0.00 - 0.99 106 - 165 130 75 - 109 91 80 - 144 117 99 - 153 125
1.00 - 1.99 103 - 137 116 64 - 88 76 74 - 119 102 91 - 114 102
2.00 - 2.99 96 - 133 109 64 - 79 70 73 - 112 94 78 - 104 90
3.00 - 3.99 95 - 127 107 55 - 72 62 72 - 106 90 72 - 83 78
4.00 - 4.99 87 - 120 98 52 - 66 57 66 - 92 79 62 - 71 67
5.00 - 5.99 79 - 110 95 46 - 68 57 62 - 99 78 54 - 67 61
6.00 - 6.99 66 - 91 80 46 - 60 53 53 - 91 69 51 - 60 55
7.00 - 7.99 81 - 94 86 41 - 51 45 50 - 57 54
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C Density
Table 5: Density of the highland bamboo (Yushania alpina); data for the Tetechia site
section 2 years 3 years 4 years 5 years
heights min - max average min - max average min - max average min - max average
[m] [ g
cm3
] [ g
cm3
] [ g
cm3
] [ g
cm3
] [ g
cm3
] [ g
cm3
] [ g
cm3
] [ g
cm3
]
g
r
o
ss
d
e
n
si
ty
%
1
0.00 - 0.99 1.14 - 1.24 1.18 1.11 - 1.26 1.16 1.14 - 1.18 1.16 1.14 - 1.21 1.19
1.00 - 1.99 1.17 - 1.22 1.19 1.12 - 1.18 1.15 1.14 - 1.19 1.17 1.16 - 1.26 1.20
2.00 - 2.99 1.17 - 1.24 1.20 1.14 - 1.17 1.16 1.16 - 1.25 1.19 1.17 - 1.24 1.20
3.00 - 3.99 1.20 - 1.23 1.21 1.12 - 1.18 1.16 1.13 - 1.30 1.19 1.16 - 1.22 1.20
4.00 - 4.99 1.17 - 1.24 1.19 1.13 - 1.21 1.17 1.12 - 1.23 1.20 1.15 - 1.19 1.17
5.00 - 5.99 1.14 - 1.21 1.18 1.11 - 1.24 1.17 1.16 - 1.26 1.21 1.15 - 1.21 1.18
6.00 - 6.99 1.15 - 1.21 1.17 1.15 - 1.19 1.17 1.15 - 1.24 1.19 1.13 - 1.21 1.15
7.00 - 7.99 1.17 - 1.18 1.17 1.11 - 1.17 1.15 1.13 - 1.19 1.17
o
v
e
n
-d
r
ie
d
d
e
n
si
ty
%
0
0.00 - 0.99 0.58 - 0.66 0.63 0.65 - 0.72 0.68 0.60 - 0.72 0.67 0.64 - 0.71 0.67
1.00 - 1.99 0.65 - 0.72 0.67 0.71 - 0.77 0.74 0.69 - 0.74 0.71 0.67 - 0.75 0.71
2.00 - 2.99 0.66 - 0.72 0.70 0.76 - 0.79 0.78 0.71 - 0.82 0.75 0.70 - 0.76 0.74
3.00 - 3.99 0.68 - 0.72 0.70 0.78 - 0.83 0.80 0.69 - 0.80 0.75 0.74 - 0.80 0.77
4.00 - 4.99 0.69 - 0.74 0.71 0.80 - 0.87 0.83 0.72 - 0.85 0.78 0.75 - 0.81 0.78
5.00 - 5.99 0.69 - 0.74 0.72 0.80 - 0.85 0.82 0.70 - 0.85 0.77 0.78 - 0.84 0.81
6.00 - 6.99 0.73 - 0.85 0.77 0.80 - 0.88 0.83 0.71 - 0.88 0.78 0.80 - 0.85 0.82
7.00 - 7.99 0.74 - 0.78 0.76 0.88 - 0.88 0.88 0.81 - 0.87 0.84
b
a
si
c
d
e
n
si
ty
R
0.00 - 0.99 0.45 - 0.56 0.52 0.56 - 0.68 0.61 0.47 - 0.63 0.54 0.47 - 0.57 0.53
1.00 - 1.99 0.51 - 0.59 0.56 0.63 - 0.69 0.65 0.53 - 0.67 0.58 0.57 - 0.62 0.60
2.00 - 2.99 0.52 - 0.61 0.58 0.65 - 0.71 0.68 0.56 - 0.67 0.62 0.60 - 0.67 0.63
3.00 - 3.99 0.54 - 0.63 0.59 0.68 - 0.75 0.72 0.57 - 0.69 0.63 0.66 - 0.70 0.67
4.00 - 4.99 0.54 - 0.63 0.61 0.72 - 0.77 0.75 0.64 - 0.73 0.67 0.68 - 0.74 0.70
5.00 - 5.99 0.57 - 0.66 0.61 0.73 - 0.76 0.75 0.62 - 0.75 0.68 0.70 - 0.75 0.73
6.00 - 6.99 0.61 - 0.70 0.65 0.73 - 0.80 0.76 0.65 - 0.75 0.71 0.72 - 0.77 0.75
7.00 - 7.99 0.61 - 0.65 0.63 0.78 - 0.82 0.79 0.72 - 0.78 0.76
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D Mass loss
Table 6: Mass loss of thermally modified highland bamboo (Yushania alpina) and lowland
bamboo (Oxytenanthera abyssinica)
Tetechia: age highland lowland
2 years 3 years 4 years 5 years Tetechia Arbegona Ambo Assosa
[%] [%] [%] [%] [%] [%] [%] [%]
160 ◦C 3 h 1.18 1.32 1.48 1.92 1.47 3.07 2.93 0.79
160 ◦C 5 h 1.53 1.60 1.64 2.01 1.70 4.20
180 ◦C 3 h 3.47 3.25 3.20 3.89 3.49 5.25 6.04 2.32
180 ◦C 5 h 4.75 4.07 4.14 4.50 4.40 6.23
200 ◦C 3 h 8.53 8.41 8.60 8.69 8.55 12.33 13.23 6.68
200 ◦C 5 h 10.56 10.16 10.13 10.17 10.28 12.78
220 ◦C 3 h 14.95 14.88 15.02 14.55 14.82 16.75 15.99 12.45
220 ◦C 5 h 16.74 16.78 15.78 16.14 16.42 18.28
sample size: 220 82 12 20
Table 7: Homogeneous subsets of the mass loss (site: Tetechia) according to the Tukey
and Games Howell test with α = 0.05
sample size homogeneous subsets: mean mass loss [%]
160 ◦C 3 h 28 1.47
160 ◦C 5 h 28 1.70
180 ◦C 3 h 28 3.49
180 ◦C 5 h 28 4.40
200 ◦C 3 h 28 8.55
200 ◦C 5 h 27 10.28
220 ◦C 3 h 27 14.82
220 ◦C 5 h 26 16.42
220
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E Impact resistance
Table 8: Homogeneous subsets of the impact resistance (site: Tetechia) according to the
Tukey and Games Howell test with α = 0.05 (groups displayed in the columns are
statistically similar)
sample homogeneous subsets: outside part sample homogeneous subsets: inside part
size mean impact resistance [ J
cm2
] size mean impact resistance [ J
cm2
]
untreated 50 3.75 50 2.28
160 ◦C 3 h 18 2.73 18 1.27 1.27
160 ◦C 5 h 18 2.41 18 1.41
180 ◦C 3 h 18 2.08 18 1.10 1.10 1.10
180 ◦C 5 h 18 2.07 18 1.18 1.18 1.18
200 ◦C 3 h 18 2.14 18 0.95
200 ◦C 5 h 18 1.95 18 1.02 1.02
220 ◦C 3 h 18 1.56 18 0.65
220 ◦C 5 h 18 1.42 18 0.70
194 194
82
F Resistance to indentation
Table 9: Games Howell test concerning the resistance to indentation (site: Arbegona) of
untreated and modified highland bamboo (Yushania alpina)
sample size homogeneous subsets: mean of hardness [ N
mm2
]
untreated 10 47.05 47.05
160 ◦C 3 h 12 44.80 44.80 44.80
160 ◦C 5 h 12 41.12 41.12 41.12
180 ◦C 3 h 12 40.38 40.38 40.38
180 ◦C 5 h 12 38.18 38.18 38.18
200 ◦C 3 h 12 30.89 30.89
200 ◦C 5 h 12 28.38 28.38 28.38
220 ◦C 3 h 11 20.94
220 ◦C 5 h 11 20.09
104
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G Chemical composition
Table 10: Chemical composition of untreated and modified highland bamboo (Yushania
alpina)
contents [%] (site: Arbegona) contents [%] (site: Tetechia)
EC LC CC HOC HEC AC EC LC CC HOC HEC
untreated 1 4.63 25.78 48.32 72.09 23.77 1.93 3.96 27.39 47.98 73.30 25.33
untreated 2 4.39 27.00 48.29 73.22 24.93
160 ◦C 3 h 2.18 27.02 49.27 69.62 20.35 2.33 2.09 27.05 48.46 69.47 21.01
160 ◦C 5 h 1.64 26.31 50.12 68.80 18.68 2.24 2.80 27.87 49.02 69.35 20.34
180 ◦C 3 h 2.18 27.65 50.80 63.81 13.01 2.44 2.48 28.48 50.35 64.58 14.22
180 ◦C 5 h 2.78 28.52 50.51 62.24 11.73 2.46 4.12 28.56 50.21 62.93 12.72
200 ◦C 3 h 2.74 33.23 53.06 60.26 7.20 2.29 3.49 31.36 50.98 58.85 7.87
200 ◦C 5 h 5.14 33.15 53.73 59.24 5.51 2.51 4.92 32.62 51.37 56.77 5.40
220 ◦C 3 h 3.07 38.21 55.22 58.09 2.87 2.32 2.75 39.83 52.92 56.42 3.50
220 ◦C 5 h 2.33 40.04 55.01 56.46 1.45 2.40 4.07 39.18 52.76 53.57 0.81
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